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Abstract – In this paper, a novel parallel manipulator with 
discrete control system is developed. An efficient method such as 
Inverse Static Analysis (ISA) is employed to determine the state 
of each actuator on parallel manipulator when the position or 
force of manipulator is already known. The designing a parallel 
manipulator with 16 actuators which are controlled discretely is 
a must because the mechanism will use artificial methods in 
dealing with the ISA problem. In this approach, mathematical 
model is not required.  
The research method used simulation software and hardware 
testing with the case of parallel manipulator with 16 actuators.  
Simulations with typical desired force inputs are presented and a 
good performance of the mechanism is obtained. The results 
showed that the parallel manipulator has the Root Mean Squared 
Error (RMSE) has less than 3% and can be used for artificial 
intelligence implementation. 
 
Index Terms - Parallel Manipulator, Massive parallel actuators,   
Inverse Static Analysis. 
 
I.  INTRODUCTION 
 Parallel manipulator is a manipulator that consists of 
a number of actuators which are arranged in parallel. In 
general, parallel manipulator mechanism consists of a 
combination of several joint, where the actuators that move 
the manipulator serves as a Prismatic joint. Parallel 
manipulator has been developed for a wide range of 
applications such as machine tool applications, motion 
simulators, and bio-mechanic applications. 
In designing a parallel manipulator, Jacobian matrix is usually 
used. Jacobian matrix is a determinant matrix which is used to 
solve the inverse of a number of functions with certain 
variables and used in determining the solution of static 
analysis, kinematic and dynamic analysis of a parallel 
manipulator, which is in another words, apart from being used 
in designing parallel manipulators, the Jacobian matrix 
method is also used in developing the analogue control system 
of the aforementioned parallel manipulator. However, this 
method has its drawbacks because Jacobian matrix can only 
control a maximum number of 6 outputs, so it can only be 
used to design a manipulator with no more than 6 actuators. 
One method to overcome the complexity of the solutions that 
have been proposed to overcome the limitations of the 
Jacobian matrix in designing parallel manipulator is by using 
Inverse Static Analysis (ISA) [1], where one of the existing 
ISA solution is to use artificial intelligence [2]. ISA method is 
expected to be used to control a parallel manipulator with 
more than 6 actuators. 
In addition to analogue control, there is also discrete control 
where the actuators are assigned with a limited number of 
state. A manipulator with discrete control is intended to reduce 
the complexity of the procedure and to develop a robot 
without sensors [1, 2]. One example of discrete controlled 
manipulator is the Binary Snake-like Robot [3-11]. 
Previous studies which are closely linked to the control of 
discrete parallel manipulator using artificial intelligence was 
conducted by Pasila [12]. This study focused on controlling 
the 6 DOF parallel manipulator using neuro-fuzzy method. 
The parallel manipulators used in the aforementioned research 
have 10 prismatic actuator with 10-SPS-3D mechanism. SPS 
means Spherical-Prismatic-Spherical. Actuators used are 
double action pneumatic actuators that require a number of 
directional control valves according to the number of 
actuators. Results obtained from this study is that the parallel 
manipulator twisted due to the way the actuators are arranged 
which are separated from each other. 
Looking at the current development, there has been no parallel 
manipulator that has more than 6 actuators that are discretely 
controlled, resulting in the use Jacobian method that can only 
produce at maximum 6 outputs. For that, a parallel 
manipulator mechanism with more than 6 actuators needs to 
be designed according to the needs of Neural Network 
artificial intelligence system implementation as the ISA 
solution for the parallel manipulator. 
The goal of this research is to design a parallel manipulator 
with more than 6 actuator for the need of the implementation 
of Neural Network. The second objective is to obtain a state 
approximation for each actuator to obtain efficient results with 
Root Mean Square (RMS) error of less than 10%. 
  
II. RESEARCH METHODOLOGY 
 The research methodology in this study is divided 
into sub-chapter A about the design of the parallel manipulator 
and sub-chapter B about data gathering. 
 
 
A. Design of the Parallel Manipulator 
 The parallel manipulator design used in this paper 
consists of a pair of body, the upper body that serves as a 
moving platform and the lower body that serves as a fixed 
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body, which are connected by 16 pneumatic actuators. Both 
the upper body and the lower body are circular bodies that 
have different diameters. To determine the dimensions of the 
fixed body and the moving platform for the manipulator in this 
research, as well as the location of each actuator, trial and 
error method is used. Trial and error method was done with 
the help of simulation software using Solidworks Motion 
Study. This trial and error method was done to obtain 
dimensions of the fixed body and the moving platform to 
accommodate the actuator arrangement so that the manipulator 
will not experience an unexpected twist. There are several 
things that must be considered to determine whether the 
manipulator will experience a twist or not, in this case a 
parallel manipulator with more than 6 actuator, which are the 
number of actuators and actuator positions that will affect the 
dimension of the manipulator. The minimum number of 
actuators required in order to prevent a twist in the 
manipulator is 6 actuators, and the maximum number of 
actuators that can be used is limited only by the dimension 
specified for the manipulator. In this research, the number of 
actuator used was determined to be 16 actuators. In order to 
determine the position of each actuator, two parallel 
manipulator designs are used as reference, the Pasila 
manipulator and Stewart-Gough platform. Both of these 
designs were tested using Solidworks Motion Study software 
to test whether the manipulator will experience twist. From the 
test results with Solidworks Motion Study, it was known that 
the design of the 16 actuators manipulator will not experience 
twist if designed using the actuator position architecture based 
on the Stewart-Gough platform [13]. Specifications of both 
bodies can be seen in Table 1 and Table 2. The manipulator 
can be seen in Fig. 1 and Fig. 2.  
 
TABLE I 
SPECIFICATIONS OF THE MANIPULATOR FIXED BODY 
Fixed Body 
Material Aluminium 6061 - 
Mass 8764.42 gr 
Volume 3246082.03 mm3 
Outer Circle Diameter 740 Mm 
Diameter Pusat Joint 660 Mm 
Inner Circle Diameter 596 Mm 
 
TABLE II 
SPECIFICATIONS OF THE MANIPULATOR MOVING PLATFORM 
Moving platform 
Material Aluminium 6061 - 
Mass 6758.56 gr 
Volume 2503170.76 mm3 
Outer Circle Diameter 560 mm 
Diameter Pusat Joint 500 mm 
Inner Circle Diameter 400 mm 
 
 
 
Fig. 1 Rendered CAD view of the manipulator. 
 
 
Fig. 2 Manipulator prototype using 16 actuators. 
 
 The parallel manipulator used has 16 pairs of spherical 
joint and 16 pneumatic actuators which serve as prismatic 
joints. Actuators connect the moving platform and the fixed 
body using the spherical joints to form Spherical-Prismatic-
Spherical (SPS) construction. Actuators used are JELPC dual 
action type pneumatic actuators with 70 mm stroke and 12 
mm bore and can work at air pressure range of 1-9 kg/mm2. 
Both ends of the actuators are connected to hubs with 25 mm 
diameter and 21 mm height which are made of ST60 steel. 
The hubs serve to connect the actuator with the spherical 
joints. The hub and the spherical joint are then locked by using 
a pair of plates with a thickness of 1 mm 30 mm diameter 
made of ST42 steel. 
 As a drive system for the manipulator, a compressor, and 
8 pieces of 5/3 solenoid valve are used, which are operated by 
using 2 pieces of Programmable Logic Controller (PLC) 
Siemens S7-200 PLC where each PLC controls 4 valves. Each 
valve controls a pair of actuators that work in tandem. 
Actuator is set to work in discrete with 3-states, which are 
retracting, floating, and extending. Fig. 3 shows the pneumatic 
manipulator circuit system created with the help of Festo 
Pneumatic software. 
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Fig. 3 Pneumatic circuit system of the manipulator 
 
 The circuit shows that air flows from the compressor to 
input 1 on the valve. Valve number 1 that controls actuator 
number 1 and number 2 is activated by a solenoid K1 and K2, 
valve number 2 that controls actuator number 3 and 4 is 
activated by a solenoid K3 and K4, and so on until valve 
number 8 which controls actuator number 15 and 16. 
Solenoids with even number, which are solenoid K2, K4, K6, 
K8, K10, K12, K14, and K16, serves to divert air from input 1 
to output 2, which moves the actuator forward (extending 
phase). Solenoid with odd numbers, which are solenoid K1, 
K3, K5, K7, K9, K11, K13, and K15, serves to divert air from 
input 1 to output 4, which moves the actuator backwards 
(retracting phase). When there are no solenoids activated, the 
air that enters through input 1 will not exit the valve, causing 
the actuator to be on the floating phase. Input 3 and 5 on the 
valve is closed. The solenoid valves is controlled by using 
PLC circuits as can be seen in Fig. 4 and 5.  
 
 
Fig. 4. The manipulator PLC circuit for actuator no. 1 to 8 
 
 PLC circuit in Fig. 4 serves to control number 1 to 
number 4 valves. All input valves on the PLC are connected 
with pushbuttons that control the output that will activate 
solenoid number 1 to number 8. The PLC circuit in Fig. 5 
works in the same way, except that the output is used to 
control solenoid number 9 to number 16. 
 
 
Fig. 5. The manipulator PLC circuit for actuator no. 9 to 16 
 
B. Collecting Data via Solidworks Motion Study 
Data gathering was done in 2 methods, namely software 
simulation by using Solidworks Motion Study software and 
manipulator testing, which was done by measuring the 
position of a certain reference point on the moving platform. 
Simulation with Motion Study was done by adding 49 Contact 
parameters to prevent solid bodies from penetrating one 
another. The 49 Contact parameters used consist of 16 
Contacts between the actuator assembly, 32 Contacts between 
the actuator and the corresponding spherical joint, and 1 
Contact between all 16 actuators and the moving platform. 
The motion simulation process generates 819 data, where each 
the data consists of coordinates along X, Y, and Z axis of the 
reference point on the moving platform, and the total force on 
the X, Y and Z axis. The measurement of position of the 
aforementioned point on the moving platform is done with the 
help of a needle and light to highlight the position along X and 
Z axis of the reference point on the moving platform. An L 
ruler is used to determine the position of the reference point 
along the Y axis. The data obtained from the results of the 
measurement, called the mechanical test data, is used to 
calculate the mechanical error. 105 data were taken as samples 
in this mechanical testing. 
 
III. RESULTS AND DISCUSSIONS 
 
 Fig. 6 shows graphs of data simulation results with a total 
of 819 data which are already sorted from the smallest to the 
largest value. The results are obtained using Solidworks 
Motion Study software. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Fig. 6. Data Graphs Showing Results Obtained by Simulation Using 
Computer Software (a) X axis coordinates obtained using simulation (b) Y 
axis coordinates obtained using simulation (c) Z axis coordinates obtained 
using simulation (d) The force on the X-axis obtained using simulation (e) 
The force on the Y-axis obtained using simulation (f) The force on the Z-axis 
obtained using simulation. 
 
 The simulation results show that for the position of the 
aforementioned reference point along the X-axis, the 
maximum value is 64.63 mm and the minimum value is -64.64 
mm, along the Y-axis the maximum value is 276.14 mm and 
the minimum value is 199.42 mm, and along the Z-axis the 
maximum value is 64.62 mm and the minimum value is -
64.67mm. Along the X axis, the maximum force is 450.64 N, 
and the minimum force is -450.64 N, On the Y axis, the 
maximum force is 2154.78 N, and the minimum force is -
2154.78 N, and along the Z axis, the maximum force is 450.64 
N and the minimum force is -450.64 N. The graphs for both 
coordinates and force along the Y axis look different from 
other graphs due to the data value not being evenly distributed. 
 The parallel manipulator is planned to be controlled 
discretely using Neural Network as ISA solution for the 
manipulator. The performance of the discretely controlled 
manipulator is expected to resemble the analogue controlled 
manipulator. From Fig. 6, we can see the comparison between 
the simulation results obtained with the Solid works Motion 
Study software, which shows the approximate value when the 
actuator is controlled discretely, and position and force when 
approached using analogue control. In addition, it can be seen 
that the position and the force along X and Z axis closely 
resemble the value generated when using analogue controller. 
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On the other hand, there is a fairly large deviation between the 
coordinates and the force generated from the simulation with 
the software and the coordinates and the force generated when 
using the analogue control observed along the Y axis which 
can be seen in the graph, where the position and force results 
obtained using the simulation along the Y axis jump at some 
point. As a result, it is possible that neural network might not 
work optimally as an ISA solution for the planned 
manipulator. 
 Fig. 7 shows a comparison chart between 105 data that 
has been selected from the simulation and measurement data 
that has been sorted from the smallest to the largest value. The 
measurement data was obtained through the manipulator 
testing process like the one mentioned in Chapter 2. 
 
 
(a) 
 
(b) 
 
 
(c) 
Fig. 7. Data Graph Showing Comparison between Software Simulation Result 
and Manipulator Measurement Process Result (a) Position along the X axis 
(b) Position along the Y axis (c) Position along the Z axis 
 
 The mechanical test data needs to be compared with the  
software simulation data to obtain mechanism error which is 
expressed as root mean square error (RMSE). RMSE obtained, 
expressed in mm and percent error, can be seen in Table 3, 
while some data comparison samples between the position 
obtained by simulation using the Solidworks Motion Study 
software and position measurement results obtained by 
manipulator prototype testing can be seen in Table 4. 
 
TABLE III 
RMSE OBTAINED BY COMPARING THE RESULTS OF MECHANICAL TESTING AND 
THE RESULTS OF MANIPULATOR SIMULATION USING SOFTWARE 
RMSE mm Error Percentage 
X Axis 0.57692 5.872% 
Y Axis 1.0598 0.451% 
Z Axis 0.47052 6.053% 
Combined (nt) 0.43171 2.815% 
 
TABLE IV 
COMPARISON OF MANIPULATOR POSITION RESULTS BETWEEN SOFTWARE 
SIMULATION RESULT AND MANIPULATOR MEASUREMENT RESULT 
 
 It was found in some samples that the simulation result 
show that the reference point is located between 1 and 0 along 
X or Z axis, while the measurement shows that the 
aforementioned reference point is located at 0 along the 
corresponding axis, which corresponds to an error value of 
100% for the referred data. Data that show this characteristic 
are omitted from the error calculation. In this research, the 
measuring device used, which consists of a needle, stressed 
threads arranged in cross and a millimetre block, has an 
accuracy of 1 mm, so it is not possible to accurately determine 
the position of the reference point. As a result, the data listed 
as the measurement result are the nearest coordinate obtained 
at the time of the measurement, in this case located on the X 
and Z = 0. 
 From the results obtained, it can be seen that some data 
samples on the X and Z axis, when compared, will generate 
RMSE greater than 100%. This is due to the construction of 
the manipulator mechanism which was still not yet optimized 
by the time of the mechanical testing. From the error 
calculation, it can be seen that the mechanism RMSE is 5.87% 
along the X axis, 0.45% along the Y axis, and 6.05% along the 
Z axis, while the RMSE observed along the X, Y, and Z axis 
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No 
Simulation Final Coordinates (mm) Mechanical Testing Coordinates (mm) 
X Y Z X Y Z 
1 2.051394 235.7115 23.65082 2 244 18 
2 7.2424 235.762 6.166081 7 249 7 
3 0.715106 235.7588 9.225513 2 246 12 
4 -13.2174 229.6504 40.71492 -14 246 20 
5 -9.19542 235.6884 0.755746 -9 236 0 
6 -11.023 235.9992 33.89001 -12 246 33 
7 -9.23026 236.7343 26.7881 -7 246 26 
8 14.02955 235.7728 -16.3604 12 249 -15 
9 -64.6472 237.9352 0.863343 -48 249 1 
10 1.07E-05 276.1376 2.27E-06 0 285 0 
11 2.11E-05 199.5503 9.38E-06 0 208 0 
12 1.78E-06 199.4175 2.33E-06 0 208 0 
Proceeding of International Conference on Electrical Engineering, Computer Science and Informatics (EECSI 2015), Palembang, Indonesia, 19 -20 August 2015 
212 
combined is 2.81%. The relatively small RMSE value along 
the combined axis can be obtained thanks to the relatively 
small RMSE value observed along the Y axis, which is only 
0.45%. This means that the mechanism generates a relatively 
small of error even though the error along the X and Z axis 
exceeds 5%. Therefore, it can be said that although the 
construction of the manipulator is still not yet optimized, the 
16 actuators parallel manipulator mechanism designed in this 
research is working well. 
 
IV. CONCLUSIONS 
 
 In conclusion, this paper discusses about the design and 
testing of a 16 actuators parallel manipulator which will be 
used for the implementation of neural network as the 
manipulator control system. The simulation result obtained 
using Solidworks Motion Study shows that the reference point 
on the moving platform can move along the X, Y, and Z axis, 
indicated by the position of the point along each axis, which 
are between -64.64 mm and 64.63 mm along the X axis, 
between 199.42 mm and 276.14 mm along the Y axis, and 
between -64.67 mm and 64.62mm along the Z axis. The 
simulation result obtained using Solidworks Motion Study 
also shows the force along each axis, whereas the value for 
each data is between -450.64 N and 450.64 N, between -
2154.78 N and 2154.78 N, and between -450.64 N and 450.64 
N for X, Y, and Z axis respectively. The magnitude of force 
and position generated using Solidworks Motion Study will be 
used as inputs in the neural network learning process. RMSE 
of the manipulator obtained by comparing software simulation 
result data and the mechanical testing data shows relatively 
large values on the X axis and Z axis data, which is 5.87% and 
6.05% respectively, while the RMSE for Y axis data is 0.45 
%. The RMSE value obtained from the calculation of the 
combined axis X, Y, and Z is 2.81% which is a relatively 
small value (less than 3%). From the graph, it can be seen that 
the position of the measurement point and force along the X 
and Z axis of the discretely controlled manipulator resemble 
the measurement point position and force generated using the 
analogue controlled manipulator. Therefore it is most likely 
that neural network can be used as an ISA solution on this 
manipulator. Despite that, due to the force and manipulator 
position along the Y axis which are shown to exhibit a 
relatively large deviation to the linear line which is the 
representation of the analogue control, it is possible that the 
artificial intelligence will not work properly as the ISA 
solution to this manipulator in generating the desired position 
and force along the Y axis. However, this remains to be 
proven by means of implementing artificial intelligence as the 
ISA solution to discretely control the manipulator. The 
conclusion that can be drawn from this research based from 
the value of the RMSE is that the parallel manipulator 16 
actuators are designed in this research works relatively well 
(average error below 10%) and can be used for artificial 
intelligence implementation. 
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